a b s t r a c t NMRA-like proteins belong to a class of conserved transcriptional regulators that function as direct sensors of the metabolic state of the cell and link basic metabolism to changes in gene expression. PadA was the first NMRA-like protein described in Dictyostelium discoideum and was shown to be necessary for prestalk cell differentiation and correct development. We describe and characterize padA − mutant phenotype during the onset of development, which results in the formation of abnormally small territories and impairment of cAMP responses. Transcriptional analysis shows that cAMP-induced gene expression is downregulated in padA − , particularly the genes that establish the extracellular cAMP relay.
Introduction
The social amoeba Dictyostelium discoideum is an excellent model system to dissect molecular mechanisms underlying common features of development. Dictyostelium lives as a single-celled amoeba in the soil, feeding on bacteria, but upon starvation cells start a developmental cycle, which includes cell differentiation, cell death and morphogenesis. This cycle leads to the formation of a multicellular fruiting body which carries spores at the top of a stalk made of dead cells (Strmecki et al., 2005) . Prior to final differentiation, prestalk cells display different patterns of gene expression and define prestalk cell populations (pstA, pstAB, pstO, pstU) (Williams, 2006; Yamada et al., 2010) .
Dictyostelium development starts with cell aggregation, driven by chemotaxis towards secreted waves of cyclic adenosine 3′,5′-monophosphate (cAMP) (Konijn et al., 1969; Saran et al., 2002) . The extracellular cAMP binds to the G protein-coupled receptor CarA, which initiates a signaling cascade leading to a rapid synthesis and secretion of cAMP by the adenylyl cyclase AcaA. This is followed by cAMP degradation mediated by the extracellular phosphodiesterase PdsA and the ensuing receptor desensitization, so that the next signaling cycle can start (Dinauer et al., 1980; Mahadeo and Parent, 2006) . Stimulated cells respond by synthesizing and secreting more cAMP, which will be degraded, resulting in periodic cAMP pulses that allow neighboring cells to polarize and migrate towards an aggregation center (Gross et al., 1976; Gregor et al., 2010; Das et al., 2011) . These self-maintained oscillatory waves of extracellular cAMP constitute the first factor that sets the size of the aggregation territory (Pálsson et al., 1997; Gomer et al., 2011) .
Transcriptional analysis of the genes responsible for the cAMP relay has shown that acaA, pdsA and carA reach their expression peak 6-7 h after starvation and that are tightly regulated (Faure et al., 1990; Saxe et al., 1991; Louis et al., 1993; Pitt et al., 1993; Iranfar et al., 2003) . The three genes have distal cis-regulatory regions that are only active during aggregation (Faure et al., 1990; Alvarez-Curto et al., 2005; Galardi-Castilla et al., 2010) . The acaA and pdsA genes have a complex regulation, driven by three independent promoters (Galardi-Castilla et al., 2010; Faure et al., 1990 ) and the transcription factor CbfA has been shown to be necessary for acaA expression during aggregation (Siol et al., 2006) . Two independent promoters, early and late, have been described in the carA upstream region (Mu et al., 2001 ) and the transcription factor CRTF has been shown to be necessary for carA early expression during aggregation (Mu et al., 2001) .
NMRA-like proteins are a conserved group of transcriptional modulators that translate metabolic fluctuations to changes in gene expression, through interaction with transcription factors. These transcriptional modulators sense the metabolic state of the cell by binding specifically to a cofactor, like NAD(P)(H), and this binding modulates their ability to interact with other proteins (Shi and Shi, 2004; Lamb et al., 2008) . They have been proposed to serve as a direct link to translate changes in cellular metabolism into transcriptional responses, through the diffusible metabolic cofactors (Shi and Shi, 2004) . NMRA-like proteins have been shown to regulate different processes. NMRA, binds NAD(P)+ and mediates nitrogen metabolite repression in Aspergillus nidulans (Andrianopoulos et al., 1998) , through the interaction with the GATA factor AREA (Stammers et al., 2001; Lamb et al., 2003; . The human homologue HSCARG/NMRAL1, that changes its structure upon NADPH binding (Zheng et al., 2007) , plays an important role in the regulation of NF-κB in response to intracellular redox changes ) and interferes with nitric oxide production (Zheng et al., 2007) . NMRA-like proteins in the rice blast fungus Magnaporthe oryzae are involved in the regulation of the sugar-sensor mechanism that integrates carbon and nitrogen metabolism to control plant infection (Wilson et al., 2010; Fernandez et al., 2012) .
We aim to identify new proteins involved in the control of development in D. discoideum and we have previously described the first NMRA-like protein in this organism and reported the consequences of its mutation (Núñez-Corcuera et al., 2008) . The mutant strain, padA − , carries a truncation of the gene, which leads to defects in development (Núñez-Corcuera et al., 2008) . The padA − mutant was unable to induce the expression of the prestalk gene ecmB and was shown to be necessary for prestalk A n and prestalk B cell differentiation (Núñez-Corcuera et al., 2008) .
We have now further characterized padA − phenotype and we present evidence that shows that PadA plays an important role during aggregation. We have found that PadA is required for the correct expression of the genes responsible for the cAMP relay and we propose that one of them, carA, that encodes the cAMP receptor, is a PadA target.
Materials and methods
Cell growth, maintenance and transformation D. discoideum strains AX2 and padA − (Núñez-Corcuera et al., 2008) were grown in axenic medium (HL5, Formedium, Norfolk, UK) and on SM plates in association with Klebsiella aerogenes (Sussman, 1987) . Transformation was carried out by electroporation as previously described (Pang et al., 1999) . The transformants of AX2 and padA − were selected in axenic medium supplemented with 20-50 μg/mL and 5 μg/mL G418, respectively. All analyses were done with at least two pools of mixed transformants. Plasmids overexpressing acaA (pKL2) and carA (pCAR1-B18) under the actin15 promoter were obtained from Dictybase (www. dictybase.org).
Development and submerged streaming
Exponentially grown cells were washed in KK2 (16.5 mM KH 2 PO 4 , 3.9 mM K 2 HPO 4 , 2 mM MgSO 4 , pH 6.3) and plated on KK2-agar (1.8%, Oxoid L28, Oxoid Ltd, Hampshire, UK) or on HABP04700 Millipore filters (Millipore, Billerica, USA) at different densities: 1.56-2. 
Cell-cell adhesion
Cell-cell adhesion was performed as described (Roisin-Bouffay et al., 2000) with slight modifications. Starved cells were recovered from nitrocellulose filters (2.5 Â 10 6 cells/cm 2 ) after 0, 2.5, 4, 6 and 8 h and they were resuspended in KK2 by vortex for 20 s. Individual cells were counted after 20 min of incubation (180 rpm, 22 1C) in a cell shaker (Celloshaker, Renner GmbH, MaulbronnSchmie, Germany). To perform cell cohesion assays on first finger structures, they were mechanically disrupted with a syringe and a 21 G needle and cell-cell re-association was measured as described (Wong et al., 2002) .
Whole-mount lacZ staining and in situ hybridization
Exponentially growing cells were set to develop (2.04 Â 10 6 cells/cm 2 ) on Teflon s filters (Omnipore TM, Millipore, Billerica, USA) placed on KK2-agar. Early developing structures were fixed with 0.1% glutaraldehyde in Z-buffer (1 mM MgCl 2 in PBS) for 5 min and processed for lacZ staining as described (Núñez-Corcuera et al., 2008) . in situ hybridization was done as previously described (Escalante and Loomis, 1995) . Plasmids for the synthesis of riboprobes were kindly provided by P. Schaap (acaA, Dundee, UK) and H. Urushihara (pdsA, Tsukuba, Japan) or constructed by us (padA). Four times more concentrated riboprobes were necessary to detect padA expression.
Comparison was always made between structures that had reached the same stage of development. Developmental structures were photographed with a Leica DFC 320 camera attached to a Leica MZ9 stereomicroscope (Leica Microsystems, Solms, Germany).
RT-PCR and quantitative real time RT-PCR (RT-qPCR)
D. discoideum total RNA was isolated from growing cells or from different stages of development (typically from 2 Â 10 7 cells, plated at 2.5 Â 10 6 cells/cm 2 on Millipore filters) using illustra RNAspin Mini Isolation kit (GE Healthcare, Buckinghamshire, UK) following the manufacturer's instructions. cDNA was prepared by reverse transcription of 5 mg RNA with oligo dT 12-18 using Superscript II (Invitrogen, Karlsruhe, Germany). Semi-quantitative PCR was carried out following standard protocols (Marone et al., 2001) . Unless otherwise stated, specific primers (Table S1 ) were designed to flank short genomic sequences (around 200 bp) located in the 3′ region of the corresponding genes. The RT-PCR exponential phase was determined on 25-30 cycles and adjusted for each gene. Real-time RT-qPCR was carried out with the iQ5 Real Time PCR Detection System (Bio-Rad, California, USA) using the iQ TM SYBR s green Supermix (Bio-Rad, California, USA). To ensure comparable concentrations of cDNA in samples, we amplified rnlA, the mitochondrial large subunit rRNA. PCR was performed following standard protocols. For each gene, at least three experiments were performed from independent RNA preparations. Data were normalized and processed as described (Pfaffl, 2001) .
Antiserum preparation and western blot
PadA protein was expressed as a His (10) fusion (in a pET19 plasmid) in Escherichia coli BL21 DE3 pLysS strain (both from Novagen. Darmstadt, Germany). It was purified using standard procedures and used to inoculate a rabbit (New Zealand White) to produce PadA antiserum (αPadA, used at 1/500 dilution for western blots). αPdsA antibody was kindly supplied by C. Parent (Bethesda, USA) and was used at 1/500 dilution. To detect PdsA, the total protein from conditioned medium (CM) was obtained from the supernatant of 1 Â 10 7 cells/mL (2 Â 10 6 cells/cm 2 ) starved for 6.5 h and precipitated with trichloroacetic acid (25% v/v). After several washes with cold acetone, the protein pellet was resuspended in 400 μL NaOH 0.1 M.
Proteins were separated on 10% polyacrylamide gels and electro-transferred to nitrocellulose membranes. Antibody hybridization and detection were performed following standard procedures.
Chemotactic assays, cAMP pulsing, phosphodiesterase activity, cAMP measurements and conditioned medium preparation.
Chemotactic assays were performed as described by Dr. M. Nelson (http://dictybase.org/techniques/chemotaxis/Nelson_ChemoLab.pdf), with aggregation competent cells, which had been starved in KK2 for 6 h (180 rpm, 22 1C in a Minitron shaker, Infors. Bottmingen, Switzerland), at 2 Â 10 7 cells/mL. Phosphodiesterase activity was measured in freshly obtained conditioned media, from 1 Â 10 7 cells/mL starved for 6.5 h (plated at 2 Â 10 6 cells/cm 2 ), using Bridge-It cAMP_PDE Assay (Mediomics LLC, IL, USA). Triplicate samples for 4 independent experiments were performed.
To analyze the effect of cAMP pulsing on the mutant, padA − and AX2 cells were harvested during the exponential phase, washed in KK2 buffer and resuspended at 2 Â 10 7 cells/mL. Cells were kept shaking for 7 h (180 rpm), and then, stimulated with 100 nM cAMP pulses (every 6 min) for 5 h. Extracellular cAMP was measured in the supernatant of 1 Â 10 8 cells (in 200 μL KK2, starved for 7 h) with Amersham cAMP Biotrak Enzymeimmunoassay (EIA) (GE Healthcare, Buckinghamshire, UK), analyzing triplicate samples from 3 independent experiments and following the manufacturer's instructions.
Results

PadA protein is absent in padA −
In our previous work, we had showed that the padA − allele encoded a C-terminally truncated protein, PadAD276, lacking the last 25 aminoacids (Núñez-Corcuera et al., 2008) . This, together with the presence of padA mRNA in the mutant strain, encouraged us to propose that the truncated protein could retain some activity in the mutant (Núñez-Corcuera et al., 2008) . We have now generated an antibody that recognizes PadA protein (see M&M) and analyzed crude protein extracts prepared from exponentially growing cells by western blot. Interestingly, while PadA protein was clearly detected in AX2 vegetative cells, it was absent in the padA − strain (Fig. 1A) , suggesting that the truncated protein could be rapidly degraded. In fact, the overexpression of the truncated protein PadAD276 showed a degradation pattern (Fig. 1A) indicating that the protein is not stable and the padA − mutation results in a loss-of function phenotype.
We next analyzed the pattern of PadA expression during development by western blot (Fig. 1B) . PadA protein reached the highest levels within the first 6 h of development suggesting a possible role during the aggregation stages and, accordingly, we detected, by RNA in situ hybridization, padA expression in aggregation streams (Fig. 1C) . These results confirm the presence of PadA during development and show that the padA − mutant strain carries indeed a loss of function allele.
padA − forms small territories during aggregation
We had previously described that the padA − mutant displayed a pleiotropic phenotype, including impaired aggregation (Núñez-Corcuera et al., 2008 ), but we had not fully characterized it. We have now performed a detailed quantitative analysis of the aggregation process and streaming behavior of padA − cells. When starved cells were set under submerged conditions at low cell density (1.56 Â 10 5 cells/cm 2 ), aggregation centers started to appear after 8-9 h in both strains, with similar temporal kinetics, but the number of independent signaling centers formed by padA − was much higher and formed by shorter streams (Fig. 2A) . Quantification of the aggregation centers showed that padA − formed 20 times more centers than AX2 under these conditions (Fig. 2B) . When padA − starved cells were plated on a solid substrate (2.5 Â 10 5 cells/cm 2 ), like KK2-agar, we observed the same phenotype (Fig. 2C, first panel) . These aggregation centers were homogeneously distributed on any substratum and the amount of cells that remained solitary was similar in AX2 and padA − (o10%).
We mixed padA − cells with increasing amounts of AX2 cells to explore if the aggregation defect could be rescued in chimeras. Both the small territory size and the stream length increased in parallel to the proportion of AX2 cells in the mixture (Fig. 2C) . Similar mixing experiments with cells expressing fluorescent proteins (50% AX2/A15::GFP and 50% padA − /A15::RFP), showed that padA − cells were homogenously distributed in the streams, without exhibiting any position preference or being displaced by AX2 from the aggregation centers (Fig. 2D) . Preliminary experiments indicated that both AX2 and padA − cells moved at similar speed towards a constant 100 μM cAMP source (Serafimidis and Suarez, unpublished results). Our results show that padA − cells cannot give rise to properly sized streams and aggregation territories, but they respond adequately when mixed with AX2 cells in chimeras.
cAMP dependent responses are impaired in padA
−
The amplitude of the cAMP pulse is one of the first variables that establishes territory size (Tang and Gomer, 2008; Gomer et al., 2011) . Small territory phenotype could be the result of large cAMP pulses, as described for cells lacking CnrN, a PTEN-like phosphatase. This phenotype was ameliorated in cnrN − mutant when the cells were starved at low density (Tang and Gomer, 2008) . However, small territories may also appear when the cAMP relay is diminished (Pálsson et al., 1997) . To distinguish between these possibilities, we starved padA − cells at different concentrations in order to monitor changes in territory size, both in submerged conditions and on KK2-agar. When padA − cells were starved at lower cell densities (3.9 Â 10 4 cells/cm 2 and 7.8 Â 10 4 cells/cm 2 ), they did not even form aggregates (not shown). In contrast, they formed almost wild type sized streams and aggregation territories when cells were plated at higher cell densities (6.24 Â 10 5 cells/cm 2 ) than the standard density used to survey aggregation (1.5-2.5 Â 10 5 cells/cm 2 ) (Fig. 3A) . It is important to clarify that increasing the cell density produced longer streams and improved aggregation in padA − , but it did not restore the mutant phenotype. However, this result suggested that padA − generated small cAMP pulses, and thus, when the distance among cells was reduced, more cells could receive, respond to and amplify the cAMP signal. In agreement with this hypothesis, the presence of 1 mM caffeine, an specific inhibitor of adenylyl cyclase (Brenner and Thoms, 1984; Jaiswal et al., 2012) , nearly abolished padA − aggregation and induced a padA − -like aggregation phenotype in AX2 (Fig. 3B) .
We also wanted to determine the possible contribution of altered cAMP degradation to the mutant phenotype. To this end, the extracellular phosphodiesterase protein (PdsA) was detected in the conditioned media (CM) obtained from AX2 and padA − cells starved at higher cell density (2 Â 10 6 cells/cm 2 ; 6.5 h) using a specific antibody, as previously described (Garcia et al., 2009) . In these CMs, the padA − mutant accumulated slightly less PdsA protein than the wild type (Fig. 3C ). To assess this result, the phosphodiesterase activity present in these CMs was measured, and the results showed that the padA − mutant secreted 50% of the phosphodiesterase activity produced by the wild type (Fig. 3D) . We next performed chemotactic drop assays to determine the sensitivity of padA − cells to cAMP. Aggregation competent AX2 and padA − cells were deposited on KK2-agar at an equal distance from drops with different cAMP concentrations. When cells detected the presence of cAMP they started to migrate towards it. After 6 h, we observed that padA − cells responded less efficiently than wild type cells: they did not move towards the lowest cAMP concentrations tested (under 1 μΜ cAMP) and less padA − cells responded to high cAMP concentrations (100 μΜ cAMP) (Fig. 3E) . The reduced phosphodiesterase production and/or lower cAMP receptor levels, CarA, could explain the reduced responsiveness of padA − towards cAMP (Garcia et al., 2009 ). Our results suggest that padA − cells exhibit a diminished cAMP sensitivity and a lower phosphodiesterase secretion during the onset of development.
cAMP relay genes are downregulated in padA − cAMP-mediated aggregation is a tightly controlled process where the genes involved are carefully regulated (Manahan et al., 2004) . We thus analyzed the mRNA levels (by RT-qPCR) of key aggregation genes during the onset of development in AX2 and padA − (plated at 2.5 Â 10 6 cells/cm 2 ). We observed that genes coding for the cAMP receptor (carA), for the adenylyl cyclase (acaA), and for the secreted cAMP phosphodiesterase (pdsA) (Faure et al., 1990) were downregulated in the padA − mutant (Fig. 4A and Fig. S1A ). Our data showed that the maximum mRNA expression levels of pdsA and carA were 2 times decreased, while acaA mRNA was 3 times lower in the mutant than in AX2 (Fig. 4A) . On the other hand, the intracellular cAMP phosphodiesterase regA (Iranfar et al., 2003) displayed wild type expression levels (Fig. 4A) . Other early developmental genes, including genes encoding adhesion proteins (cadA, csA, tgrC) (Siu et al., 2011) , were also downregulated in the mutant ( Fig. S1A and see below) . We confirmed acaA and pdsA low expression levels during the onset of development and in loose mounds by in situ hybridization ( Fig. 4B and Fig. S1B ).
As we have mentioned in the Introduction, the cAMP relay genes have distal cis-regulatory regions in their promoters that are active at the onset of development (Galardi-Castilla et al., 2010) . We used a different set of primers to detect the transcription of acaA and carA from their aggregation specific promoters (see M&M). Both early promoters were downregulated during the onset of development in the padA − mutant (Fig. 4C) . RT-qPCR analysis of acaA distal promoter, acaAPr1 (Galardi-Castilla et al., 2010), displayed a very similar expression profile to the one observed for acaA total mRNA, with a 2-fold reduction, in the maximum expression levels, in the mutant. We observed the same behavior for pdsA early promoter (not shown). Interestingly, the expression level of the early carA promoter, carA n , appeared up to 5 times diminished when compared to total carA mRNA, suggesting that the increase in carA total mRNA peak observed in padA − at 8 h (Fig. 4A ) is being transcribed from the late promoter, in good agreement with previous reports (Louis et al., 1993) . We also confirmed, using a specific acaAPr1 β-galactosidase promoter fusion (Fig. S1C) , that the expression of this aggregationspecific promoter was not fully induced in padA − streams, though expression timing was correct. All these data demonstrate that the expression levels of acaA, carA and pdsA are diminished in padA − and thus suggest that cAMP relay is impaired in the mutant, while developmental expression timing is not affected.
Regulation of cell-cell adhesion genes
During early aggregation cell-cell adhesion is mediated by CadA, a Ca 2+ dependent adhesion system and, later, by two non-EDTA sensitive proteins, CsA and TgrC (Siu et al., 2004) . The three genes encoding these cell adhesion proteins are regulated by cAMP pulses (Yang et al., 1997; Iranfar et al., 2003) . We measured cellcell adhesion of padA − during development and found it to be diminished up to 40-50%, when compared to the wild type, both at the onset of development (Fig. 5A ) and at the first finger stage (Fig. 5B) . RT-qPCR analysis was performed for the three major adhesion genes during the first hours of development and they showed reduced mRNA levels and a delay of 2 h in achieving the maximal expression level (Fig. 5C ). Our data show that cadA mRNA does reach wild type expression levels, but neither csA nor tgrC mRNAs do (Fig. 5C ). This low mRNA expression could account for the cell-cell adhesion defect in later developmental stages (Fig. 5B) .
cAMP pulses did not rescue padA − aggregation defect
Periodic pulsing with exogenous cAMP partially rescued aggregation in the acaA − mutant (Pitt et al., 1993) . To find out if the establishment and maintenance of cAMP pulses were at the core of padA − aggregation defect, we starved and pulsed mutant and wild type cells by periodically adding cAMP (see M&M). After pulsing, cells were placed under submerged conditions in KK2 (Fig. 6A ) and on solid substrate (Fig. 6B) . Pulsed AX2 cells looked elongated and polarized, when compared to control cells, while padA − cells remained identical to their control, with no sign of polarization (Fig. 6A) . When pulsed cells were plated on agar, AX2 cells formed aggregation centers and streams after 30 min, but 
unpaired t test). (B)
First finger structures were dissociated mechanically and cell re-association was assayed at different times after disaggregation (Wong et al., 2002; and see M&M) . The graph represents the mean and s. d. of 10 independent experiments (*Po 0.05, **Po 0.005, ***Po 0.0001, unpaired t test). (C) Relative mRNA levels of genes encoding cell-cell adhesion proteins were quantified by RT-qPCR as in Fig. 4A . Graphs show the mean and s. e. m. of at least three independent experiments.
pulsed padA − cells remained insensitive and they needed more than 6 h to start to aggregate (Fig. 6B ). This result showed that exogenous cAMP pulsing was not able to induce wild type aggregation behaviour in padA − cells. In agreement with this, we observed that acaA, pdsA and carA mRNA levels after 6 h of pulsing were lower in padA − , both in the presence and in the absence of cAMP (Fig. 6C) . It is noteworthy to point out that cAMP mediated inhibition of the phosphodiesterase inhibitor, pdiA (Franke et al., 1991) , was preserved in padA − (Fig. 6C) . Quantitative transcriptional analysis confirmed that, while they were still cAMP- inducible, the mRNA levels of acaA, pdsA and carA only reached half of AX2 cAMP-induced transcription levels in the padA − mutant (Fig. 6D) . This was not a general effect on all cAMPinducible genes, as cadA, the gene encoding the adhesion protein CadA, was fully induced in padA − after cAMP pulsing (Fig. 6E ).
These results indicate that cAMP mediated induction and repression of gene transcription is taking place in the padA − mutant, however, the cAMP relay genes, acaA, pdsA and carA, do not reach maximum transcription levels neither in the presence nor in the absence of cAMP.
Overexpression of carA restores padA − aggregation
The inability of the mutant cells to induce a wild type transcriptional response for the essential genes of the aggregation relay led us to determine if the overexpression of pdsA, acaA or carA in the mutant background could restore the defect to some extent. We first determined that the levels of extracellular cAMP after 7 h of development were similar in AX2 and padA − conditioned media, though the mutant showed a non-significant tendency to accumulate more cAMP (Fig. S2A ), most probably due to the lower amount of PdsA. We tried to diminish the amount of extracellular cAMP either by adding AX2 conditioned medium to padA − cells (Darmon et al., 1978) or low amounts of commercial phosphodiesterase (0.32 mU/mL), as pdsA overexpression disrupts development. We detected no improvement on padA − aggregation phenotype with neither of them ( Fig. S2B and C) . To investigate if increasing the amount of the other genes responsible for the cAMP relay had an effect on padA − aggregation, we transfected AX2 and padA − cells with constructs overexpressing acaA (pKL2) and carA (pCAR1-B18) under the actin15 promoter. AX2/A15::acaA development was accelerated and formed small territories as had been described (Pitt et al., 1992 (Pitt et al., , 1993 , and the expression of A15::acaA did not rescue padA − aggregation defect (Fig. 7A) . Remarkably, the overexpression of carA fully restored padA − aggregation phenotype (Fig. 7A) , suggesting that low carA expression could be the main cause of padA − phenotype at the onset of development. Both phosphodiesterase activity and chemotaxis towards cAMP were consistently improved in padA − /A15::acaA when compared to padA − (data not shown). The mRNA transcription levels of different cAMP related genes were assessed in the rescued strain padA − /A15::carA. A preliminary semi-quantitative RT-PCR analysis indicated that acaA and pdsA mRNA expression levels were higher in the padA − /A15::carA transformant than in padA − during the first hours of development (Fig. S3) . Additionally, the expression of other cAMP inducible genes, like the cell-cell adhesion genes cadA and csA, were increased in the padA − /A15::carA strain (Fig. S3) , suggesting an improved cAMP relay.
In order to better understand padA − /A15::carA rescued phenotype, we analyzed, by RT-qPCR, the transcription of pdsA and carA n (carA early promoter) in four strains: padA − /A15::carA, AX2/ A15:: carA, AX2 and padA − . It is noteworthy to mention that the analysis of carA n (Fig. 4C ) enabled us to monitor the transcription and regulation of the endogenous carA gene in the rescued padA − / A15::carA strain. We observed that mRNA levels of carA n and pdsA were higher in both transformed strains (Fig. 7B) , in fact, pdsA expression was restored in padA − /A15::carA and reached, even exceeded wild type levels (Fig. 7B) . The expression of the acaAPr1 during the same period was also restored in padA − /A15::carA (not shown). Interestingly, carA n expression, though higher than in padA − , did not reach wild type transcription levels in padA − /A15:: carA (Fig. 7B) . Our results show that while PadA is not necessary for pdsA to attain full expression, it is needed to achieve carA n mRNA maximum induction during aggregation.
Discussion
We have characterized the aggregation defect in padA − and gathered data to support its role as a transcriptional co-regulator. We had previously described the padA − allele as hypomorphic, mainly, due to its thermosensitive developmental phenotype, the detection of padA mRNA in the mutant and the fact that the mutant protein was only lacking the C-terminal 25 residues. We had then proposed that it was an essential gene and still retained some residual function (Núñez-Corcuera et al., 2008) . Our present results clearly show that padA − is a loss of function mutation, because the truncated protein PadAD276 is unstable and thus absent in padA − (Fig. 1A) .
We have shown that padA − formed small, numerous and homogeneously distributed aggregation territories, a phenotype that is more evident at low cell densities and that pointed to a cAMP signaling defect (Saran et al., 2002; Sawai et al., 2005; Gregor et al., 2010) . In good agreement with the phenotype, even at the higher cell densities used for RNA extraction, we found that the induction of the main genes involved in establishing the extracellular cAMP relay, carA, acaA and pdsA (Mahadeo and Parent, 2006) , was diminished during the onset of development and that the genes did not reach wild type mRNA expression levels (Fig. 4) . This transcriptional defect would generate a defective cAMP relay that could explain the low expression levels of other cAMP induced genes, for instance, cell-cell adhesion genes (Fig. 5 ).
The fact that the genes that produce, sense and degrade cAMP are also self-regulated by cAMP (Saxe et al., 1991; Louis et al., 1993) , makes it difficult to determine if PadA contributes to the regulation of the three genes or only one of them is the actual target. We have shown that modifying the extracellular cAMP levels, through addition of exogenous phosphodiesterase or by increasing AcaA levels through A15::acaA expression, independently, did not rescue padA − aggregation defect (Fig. S2A) , while the expression of A15::carA in the mutant background fully restored aggregation (Fig. 7A ). This result suggests that CarA is the limiting factor in padA − aggregation phenotype and low receptor levels would certainly result in a poor cAMP relay (Laub and Loomis, 1998; Mahadeo and Parent, 2006) . We observed that the accumulated extracellular cAMP levels in the padA − mutant, which are the result of cAMP production and degradation, were very similar to the wild type levels (Fig. S2A ) and this could, therefore, induce a partial saturation of the cAMP receptor, CarA, in the padA − mutant. In this situation, cAMP pulsing would not restore the mutant phenotype, because it would contribute to saturate the cAMP receptor, CarA. When both, extracellular cAMP and phosphodiesterase levels are closer to the wild type ones, as it is the case in the chimeras with increasing numbers of AX2 cells, padA − cells seem to respond and aggregate normally (Fig. 2C ).
The expression of A15::carA in the mutant background fully rescued aggregation (Fig. 7A ) maybe because it relieved a possible receptor saturation and promoted a robust cAMP relay, through a stronger AcaA induction (Laub and Loomis, 1998) and/or maybe because of the increased receptor occupancy and signaling due to the availability of more receptor molecules. Indeed, we observed a general increase in cAMP induced gene expression in the padA − / A15::carA strain (Fig. 7B and Fig. S3) , that is the plausible cause for the restored phenotype. When we looked at the genes responsible for the cAMP relay, we observed that pdsA mRNA expression in the padA − /A15::carA strain reached, even surpassed, the wild type expression level, but carA n transcription did never attain AX2 levels (Fig. 7B ). This improvement in carA n expression in the padA − /A15::carA strain could be the consequence of the restoration of the cAMP relay, but the presence of PadA seemed to be necessary for carA n to reach full expression during aggregation. This result, together with the restoration of the mutant phenotype Transformants were plated on non-nutrient agar (2.5 Â 10 5 cells/cm 2 ) and images were taken after 11 h of development. Bar: 1 mm. (B) RT-qPCR was performed to detect the early carA promoter transcript (carA*) and pdsA expression in AX2, AX2/A15::carA, padA − and padA − /A15::carA early developing structures. Expression levels were normalized to those of the endogenous control rnlA. Arbitrarily, AX2 maximum expression value for each gene was used as an internal standard. Graphs show the media and s. d. of at least four experiments with independent pools of total RNA (*Po 0.05, **P o0.005, unpaired t test).
and the low expression levels of the early promoter carA n in padA − ( Fig. 4C) , suggested that carA could be regulated by PadA. The regulation of carA transcription is complex and independent of acaA expression (Iranfar et al., 2003) . The early carA promoter is inducible by cAMP pulses and becomes de-activated later in development (Saxe et al., 1991; Louis et al., 1993; Das et al., 2011) . The transcription factor CRTF has been shown to bind to this promoter and it is essential to establish the cAMP relay (Mu et al., 1998 (Mu et al., , 2001 . Though, unfortunately, we have not been able to identify any PadA-interacting protein, yet despite numerous efforts, proteins like CRTF could be good candidates. It is interesting to point out that both CRTF and PadA have complex and diverse functions throughout development, not restricted to the aggregation process (Mu et al., 2001; Núñez-Corcuera et al., 2008) and that the aggregation defect in both mutants can be rescued by increasing cell density (Mu et al., 2001) .
We propose that PadA modulates carA n transcription through the interaction with other transcription factors, in the same way that NMRA regulates AreA in filamentous fungi (Lamb et al., 2003; Kotaka et al., 2008) or NMRL1 modulates NF-kB activity in human cells (Gan et al., 2009; Lian and Zheng, 2009 ). In the absence of PadA, diminished carA n expression levels result in a defective cAMP relay and impaired aggregation. This is the first report that links a NmrA-like protein to cAMP signaling. It is interesting to mention that the NmrA-like proteins characterized so far negatively regulate transcriptional activators, while our data suggest that PadA positively modulates carA n transcription. New experiments, like the ones aimed to show direct interaction between CRTF and PadA during Dictyostelium aggregation or to demonstrate that CRTF is not binding the carA early promoter in the padA − background, will be necessary to assign a new mode of action to NmrA-like proteins. We cannot exclude that PadA also contributes to the regulation of other cAMP related genes, but we believe that the finding of a target gene, like carA, will help the identification of PadA interacting proteins and other possible PadA targets, and to finally understand its role in the life cycle of D. discoideum. PadA is the first NMRA-like protein described that is involved in development and the identification of new players will contribute to better understand developmental control mechanisms in other organisms.
